† Background and Aims Green kiwifruit (Actinidia deliciosa) retain high concentrations of chlorophyll in the fruit flesh, whereas in gold-fleshed kiwifruit (A. chinensis) chlorophyll is degraded to colourless catabolites during fruit development, leaving yellow carotenoids visible. The plant hormone group the cytokinins has been implicated in the delay of senescence, and so the aim of this work was to investigate the link between cytokinin levels in ripening fruit and chlorophyll de-greening. † Methods The expression of genes related to cytokinin metabolism and signal transduction and the concentration of cytokinin metabolites were measured. The regulation of gene expression was assayed using transient activation of the promoter of STAY-GREEN2 (SGR2) by cytokinin response regulators. † Key Results While the total amount of cytokinin increased in fruit of both species during maturation and ripening, a high level of expression of two cytokinin biosynthetic gene family members, adenylate isopentenyltransferases, was only detected in green kiwifruit fruit during ripening. Additionally, high levels of O-glucosylated cytokinins were detected only in green kiwifruit, as was the expression of the gene for zeatin O-glucosyltransferase, the enzyme responsible for glucosylating cytokinin into a storage form. Season to season variation in gene expression was seen, and some de-greening of the green kiwifruit fruit occurred in the second season, suggesting environmental effects on the chlorophyll degradation pathway. Two cytokinin-related response regulators, RRA17 and RRB120, showed activity against the promoter of kiwifruit SGR2. † Conclusions The results show that in kiwifruit, levels of cytokinin increase markedly during fruit ripening, and that cytokinin metabolism is differentially regulated in the fruit of the green and gold species. However, the causal factor(s) associated with the maintenance or loss of chlorophyll in kiwifruit during ripening remains obscure.
INTRODUCTION
Kiwifruit (Actinidia deliciosa 'Hayward') is unusual among fleshy fruits in maintaining high chlorophyll levels throughout ripening, and appears as a bright green fruit when cut open. In contrast, chlorophyll degradation occurs in A. chinensis 'Hort16A', with high quality fruit having a golden yellow flesh. The immature fruit of both species are green (McGhie and Ainge, 2002) . Chlorophyll is degraded in the gold fruit to colourless catabolites, leaving the yellow carotenoid pigments visible. Chlorophyll degradation occurs to a much lesser extent in green fruit. We have shown that the differential control of chlorophyll degradation in these two species is likely to be upstream of the chlorophyll degradation pathway, as the genes for chlorophyll degradation enzymes are expressed and functional in both species, but at a lower level in green kiwifruit (Pilkington et al., 2012) .
While the cytokinins are now considered to be involved in diverse processes including the release of apical dominance, shoot meristem function and signalling (Jameson, 2003) , they have been implicated in the delay of senescence from the time of their first discovery, where cytokinins applied to senescing leaves led to re-greening (Richmond and Lang, 1957) . Subsequently, cytokinins have been shown to promote the reversal of senescence by stimulating the expression of genes for the re-differentiation of senescent plastids (gerontoplasts) into chloroplasts (Robson et al., 2004) . They are known to control the activity of genes for light-harvesting chlorophyll-binding proteins (Kulaeva et al., 1996) , and to stimulate chloroplastencoded transcription in detached barley leaves (Zubo et al., 2008) . However, little is known of their activity during fruit ripening. In green kiwifruit, a peak of cytokinin activity occurs during the cell division phase (Lewis et al., 1996) , as also shown for other fruits (Ozga and Reinecke, 2003) . In addition, a significant amount of cytokinin was detected in mature fruit (Lewis et al., 1996) . We hypothesized that the differential de-greening in green and gold kiwifruit may be a consequence of differential activity associated with cytokinins.
Cytokinins are produced from isoprenoid side chains derived from the methylerythritol phosphate (MEP) pathway. The cis-forms of cytokinins associated with some tRNA moieties are derived from a second pathway, the mevalonate (MVA) pathway. Cytokinin activity in any particular organ is regulated through processes including de novo synthesis, activation, conjugation and degradation (Kudo et al., 2010) , as well as the differential activity of different gene family members. The first committed step of the biosynthetic pathway is catalysed by a multigene family coding for cytokinin synthase, adenylate isopentenyltransferase (IPT). Nine IPT gene family members have been identified in Arabidopsis thaliana (Kakimoto, 2001; Takei et al., 2001) . Seven of these utilize the MEP pathway, whereas AtIPT2 and AtIPT9 utilize the MVA pathway (Miyawaki et al., 2006) .
Like the IPT genes, the genes coding for cytokinin oxidase/dehydrogenase (CKX) also exist as a multigene family . CKX degrades cytokinins by removal of the side chain. The preferred substrates of CKX are the free bases and corresponding ribosides, but not their dihydro derivatives (Sakakibara, 2006) . However, the 9-glucosides and nucleotides have also been shown to be effectively cleaved by individual CKX isoforms. Aromatic cytokinins are also degraded, but with lower reaction rates, as reviewed in Spíchal (2012) .
Conjugation can occur through O-glucosyltransferases converting, amongst others, trans-zeatin to O-glucosylzeatin (tZOG), which is resistant to degradation by CKX, and is regarded as a storage form of cytokinin able to be re-activated by b-glucosidases (Mok et al., 2000) .
Cytokinin is perceived via a phosphorelay, which leads to the activation of cytokinin response regulators, the RRs. The Type-A Arabidopsis RRs (ARRs) have short C-terminal domains, are transcriptionally upregulated by cytokinin treatment and are negative regulators of cytokinin signalling. The Type-B ARRs contain DNA-binding and trans-activating domains at the C-terminus that positively regulate transcription of cytokininactivated targets, including the Type-A ARRs (To and Kieber, 2008) . Emerging evidence indicates that complex transcriptional cascades play an important role in the response to cytokinin, including changes in the expression of the components of the cytokinin signalling, biosynthetic and metabolic pathways, as well as the induction of various transcription factors (Argueso et al., 2010) . It has recently been proposed that in species other than Arabidopsis, the Type-A response regulators should be referred to as RRAs and the Type-B response regulators as RRBs (Heyl et al., 2013) , where the kiwifruit genes are named Ax for Actinidia species where appropriate.
In this study, we examined not only the endogenous cytokinin content in green and gold kiwifruit but also the expression of key cytokinin biosynthesis and metabolism genes during fruit development. Additionally, expression of genes encoding RRs was measured throughout fruit development, and the interaction of selected RR genes with the promoter of STAY-GREEN2 (SGR2) was assayed to determine whether the cytokinin signalling pathway interacted with a key step in the chlorophyll degradation pathway within the fruit. SGR2 was selected as it had been shown to be the same in sequence but somewhat less expressed in ripening green fruit compared with ripening yellow fruit (Pilkington et al., 2012) , and was thus a potential candidate for differential regulation by RR genes.
MATERIALS AND METHODS

Measurement of outer pericarp flesh colour
In 2009 and 2010, ten fruit were collected at random from one vine from each species [green Actinidia deliciosa (A.Chev.) C.F.Liang & A.R.Ferguson 'Hayward' and gold A. chinensis Planch. 'Hort16A'] grown under normal commercial management at the Plant & Food Research orchard, Te Puke, New Zealand. Sampling dates for each cultivar are given as days after full bloom (90 % flowers open; DAFB). Kiwifruit are considered to be maturing before the harvest date as determined by the industry standard for colour in gold kiwifruit and for soluble sugar content in green kiwifruit, and considered to be ripening after the harvest date as marked by arrows in Supplementary Data Fig. S1 . Each fruit was measured for the fruit characteristics of colour, firmness, soluble sugars, dry matter and weight, as previously described in Pilkington et al. (2012) . Fruit data from the 2010 series have previously been published (Pilkington et al., 2012) , and are presented with the unpublished fruit data from 2009 in Supplementary Data Fig. S1 . The outer pericarp tissues of the same fruit were cut from the skin and locules, to ensure that only the outer pericarp tissue was harvested, snap-frozen in liquid nitrogen and stored at -80 8C. The outer pericarp tissue of ten fruit was pooled for each sampling point, and a second year of fruit was collected as a biological replicate.
Sample extraction for high-performance liquid chromatographytandem mass spectometry (HPLC-MS/MS)
The extraction method was employed as described previously in Quesnelle and Emery (2007) with minor modifications. The biological samples were homogenized to a powder with liquid nitrogen using a mortar and pestle and freeze-dried. The samples were weighed (approx 100 g d. wt) and 1 mL of cold modified Bieleski's solvent (methanol/water/formic acid: 75/ 20/5, v/v/v) H 3 DHZRMP) (OlchemIm Ltd, Olomouc, Czech Republic). Samples were vortexed, sonicated for 1 min and allowed to extract further passively overnight (approx. 12 h) at -20 8C. After extraction, samples were centrifuged at 8400 g for 10 min and the supernatants were transferred to 1 . 5 mL microcentrifuge tubes. Supernatants were dried using a speed vacuum concentrator at ambient temperature (UVS400, Thermo Fisher Scientific, FL, USA).
Column purification and HPLC-MS/MS conditions
Extraction residues were reconstituted in 1 mL of 1 M formic acid to ensure complete protonation of all cytokinins. Each extract was purified on a mixed mode, reverse-phase, cation-exchange cartridge (Oasis MCX 6cc; Waters, Ontario, Canada). Cartridges were activated using 5 mL of methanol and equilibrated using 5 mL of 1 M formic acid. After equilibration, the sample was loaded and washed with 5 mL of 1 M formic acid. First, the samples were washed using 5 mL of methanol.
Nucleotide forms of cytokinin were eluted next using 5 mL of 0 . 35 M ammonium hydroxide. Finallly, cytokinin free base, ribosides and glucosides were eluted using 5 mL of 0 . 35 M ammonium hydroxide in 60 % (v/v) methanol. All samples were evaporated to dryness in a speed vacuum concentrator at ambient temperature and subsequently stored at -20 8C.
Because it was not possible to measure cytokinin nucleotides directly, they were dephosphorylated to form ribosides using 3 . 4 U of bacterial alkaline phosphatase (Sigma, Ontario, Canada) in 1 mL of 0 . 1 M ethanolamine-HCl ( pH 10 . 4) for 12 h at 37 8C. The resulting cytokinin ribosides were brought to dryness in a speed vacuum concentrator at ambient temperature. The dephosphorylated nucleotides were reconstituted in 1 . 5 mL of water for further purification on a reversed-phase C 18 column (Oasis C 18 3 cc; Waters). Columns were activated using 3 mL of methanol and equilibrated with 6 mL of water. The samples were loaded onto the C 18 cartridge and passed through the column under gravity. The sorbent was washed with 3 mL of water and analytes were eluted using 1 . 5 mL of methanol:water (80:20, v/v). All sample eluents were dried in a speed vacuum concentrator at ambient temperature and stored at -20 8C until analysis. Prior to mass spectrometric analysis, cytokinin nucleotide, cytokinin riboside and free base fractions were reconstituted with 1 mL of HPLC mobile phase starting conditions [95:5 water:methanol with 0 . 08 % (v/v) acetic acid] and transferred to glass autosampler vials. Samples were stored at 4 8C until analysis. The nucleotide analysis did not differentiate between -triphosphates, -diphosphates and/or -monophosphates.
HPLC-MS/MS
All metabolites were separated and analysed using a Dionex Ultimate 3000 HPLC system coupled to a Qtrap 5500 triple quadrupole hybrid ion-trap mass spectrometer (MDS Sciex, Ontario, Canada) equipped with a turbo V-spray source in positive ion mode. A 20 mL aliquot of each sample was injected on a Genesis C 18 reversed-phase column (4 mm, 150 × 2 . 1 mm; Jones Chromatography, Foster City, CA, USA) and the cytokinins were eluted with an increasing gradient of acetonitrile (A) mixed with 0 . 1 % formic acid in 20 mM ammonium acetate (v/v) at a pH adjusted to 4 . 0 (B) at a flow rate of 0 . 2 mL min
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. The initial conditions were 8 % A and 92 % B, changing linearly after 5 min to 15 % A and 85 % B for 2 min, followed by 100 % A for 2 min, then linearly returning back to initial conditions for 2 min.
The HPLC effluents were introduced into the turbo V-spray source using conditions specific for each analyte, where quantification was obtained by multiple reaction monitoring of the protonated intact precursor molecule [M + H] + and a specific product ion (Schoor et al., 2011) . All data were analysed and processed using Analyst version 1 . 5 software. Concentrations were calculated on the basis of the peak areas for the endogenous compounds relative to those determined for the internal standards.
Reverse transcription -quantitative PCR (RT-qPCR)
Kiwifruit flesh was sampled as described above where, for each cultivar, the tissue from the ten fruit from each sampling point was pooled and RNA was isolated from kiwifruit samples using the pinetree method (Chang et al., 1993) . The RNA was DNase treated (Ambion, Applied Biosciences, Auckland, New Zealand) and first-strand cDNA synthesis was carried out using oligo(dT) according to the manufacturer's instructions (Transcriptor; Roche Diagnostics, Auckland, New Zealand).
Reverse transcription -qPCR and primer design was carried out as previously described in Pilkington et al. (2012) .
Oligonucleotide primers were designed and tested by end-point PCR to ensure identity with kiwifruit source sequence and identity between species. Actinidia expressed sequence tags (ESTs) with homology to Arabidopsis (or other species) cytokinin enzymes and ARRs were mined by BLAST match from the Plant & Food Research EST database ( Data Fig. S2 ). AtIPT1, AtIPT4 and AtIPT8 have the same kiwifruit EST as their best BLAST match. This EST was, therefore, subsequently referred to as IPT. AtIPT2 had a different kiwifruit EST as its best BLAST match. However, this gene was not included in the RT -qPCR work as the cytokinins detected in the present study were predominantly trans-isomers and AtIPT2 and AtIPT9 are known to be involved with the production of the cis-isomers (Miyawaki et al., 2006) . The expression of IPT3 was also measured (Supplementary Data Fig. S3 ). Error bars shown in RT -qPCR data are for technical replicates, representing the means + s.e. of four replicate RT -qPCRs.
Construction of sequence alignments and phylogenetic trees
Phylogenetic and molecular evolutionary studies were carried out using MEGA 4 (Tamura et al., 2007) . Bootstrap values from 100 bootstraps were included when .50 %.
Transformation of Agrobacterium
Agrobacterium tumefaciens GV3101 (MP90) was transformed by electroporation with pHEX2 containing ESTs of interest (Hellens et al., 2005) . Competent cells (50 mL aliquots) were thawed on ice and plasmid DNA (50 -200 ng in 1 mL water) was added, mixed gently, and pipetted into a pre-chilled electroporation cuvette (0 . 2 cm gap, Bio-Rad Laboratories, Philadelphia, PA, USA). Electroporation was carried out in a GenePulser (Bio-Rad Laboratories) at a voltage of 2 . 5 kV (capacitance, 25 mFd; resistance, 400 V) with a typical pulse time of 7 -9 ms. The cells were recovered by addition of 1 mL of LB, transferred to 1 . 5 mL tubes and incubated at room temperature, with shaking (60 rpm), for 2 h. Aliquots of 10 mL were spread onto separate LB plates containing the appropriate antibiotics. Plates were grown at 30 8C for 48 h.
SGR promoter isolation
Upstream DNA, immediately adjacent to the start codon (ATG) of AcSGR, was isolated from kiwifruit genomic DNA by PCR genome walking based on the GenomeWalker TM kit (BD Biosciences Clontech, CA, USA) protocol, with the following method. Genomic DNA was isolated as described above. Seven libraries were constructed from high quality genomic DNA preparations by digestion with seven restriction enzymes (DraI, Ecl13611, EcoRV, ApaI, ScaI, SspI and StuI), leaving blunt ends, to which the GenomeWalker TM adaptor was ligated. Nested primers to the coding region of AcSGR were designed and used in conjunction with adaptor primers for primary and secondary PCR, following the manufacturer's method for GenomeWalker TM . A second genome walk was performed, with nested primers based on the sequence from the first walk. The PCR products were cloned using the pGEM-T easy cloning vector as described above, and the sequences were aligned using Vector NTI version 9 . 0 (Invitrogen, Auckland, New Zealand). This resulted in approx. 1 kb of confirmed upstream sequence from the transcription start site. The plasmid DNA was then digested, and the gene of interest ligated into pGREEN 0800-LUC (Hellens et al., 2005 ) using a rapid ligation kit (Roche Diagnostics, Auckland, New Zealand).
Dual luciferase assay of transiently transformed N. benthamiana leaves Transient assays were carried out using the methods described previously in Hellens et al. (2005) . Nicotiana benthamiana plants were grown under glasshouse conditions at 22 8C using natural light with daylight extension to 16 h, until at least four leaves were available for infiltration with Agrobacterium. Plants were maintained in the glasshouse for the duration of the experiment. Transformed Agrobacterium cultures containing pGREENII 0800-LUC reporter cassettes with a candidate promoter insert, as described in Hellens et al. (2005) , or pHEX2S with a candidate transcription factor insert were cultured on LB plates containing the appropriate antibiotics and incubated at 28 8C. A 10 mL loop of bacteria was re-suspended in 10 mL of infiltration buffer (10 mM MgCl 2 , 0 . 5 mM acetosyringone) to an OD 600 of 0 . 6-0 . 8, and incubated at room temperature without shaking for 2 h before infiltration. Infiltrations were performed according to the methods described by Voinnet et al. (2003) . Approximately 150 mL of this Agrobacterium mixture was infiltrated at two points per young, fully expanded leaf of N. benthamiana. Two leaves were infiltrated per gene, and randomized to different plants.
Transient expression was assayed 3 d after inoculation. Two replicates were taken per leaf of 2 mm diameter leaf discs and crushed in 50 mL of phosphate-buffered saline (PBS) (6 . 3 mM Na 2 PO 4 , 0 . 2 mM Na 2 HPO 4 , 0 . 2 mM KH 2 PO 4 , 2 . 6 mM KCl, 138 mM NaCl, pH 7 . 4). Plate-based assays were conducted using a Victor Luminometer, according to the manufacturer's instructions for the dual luciferase assay, using the Dual Glow assay reagents for firefly luciferase (LUC) and Renilla luciferase (REN) (Targeting Systems, San Diego, CA, USA). The fluorescence of LUC was measured relative to REN, where an increase in the LUC:REN ratio indicates an activation of the candidate promoter by candidate transcription factors. A one-way analysis of variance (ANOVA) was performed, followed by a Tukey post-hoc test, to determine if there were significant differences between the means.
RESULTS
Endogenous cytokinins in green and gold fruit
The endogenous cytokinins were measured in the outer pericarp tissue of green and gold fruit in both 2009 and 2010 (Fig. 1) . A wide range of different cytokinin forms was detected including the nucleotides of zeatin (tZ), dihydrozeatin (DZ) and isopentenyladenine (iP) ( Fig. 2; Supplementary Data Table S1 ). The free base and ribosides of tZ, DZ and iP were also detected (Fig. 2) . The O-glucosides of tZR and DZR (Fig. 2) were detected, as were tZ, DZ and tZ9G (Supplementary Data Table S1 ). Very low levels of cisZR were detected, the cis-isomer of tZ was not detected, and only low levels of cisZNT were detected (Supplementary Data Table S1 ).
While the total concentration of cytokinin in the fruit was similar between species (Fig. 1) , the nature of some of the constituent cytokinins differed distinctly between species. The nucleotide tZNT reached the highest concentration of any of the cytokinins detected; its levels were similar between species and increased during ripening (Fig. 2) . The DZNT and iPNT concentrations were also high, but at a concentration .10-fold lower (Supplementary Data Table S1 ). The DZNT concentration also increased during ripening, whereas the amount of iPNT decreased in gold fruit, while the levels of iPNT either continued to increase in green fruit as they ripened (2009) or were decreasing (2010). At this late stage of ripening, gold A. chinensis fruit had de-greened and green A. deliciosa fruit were beginning to de-green in 2010, as shown by the decreasing hue angle (Supplementary Data Fig. S1 ).
The pattern of concentration of the free bases is mirrored in the concentrations of the cytokinin ribosides ( Fig. 2 ; Supplementary Data Table S1 ). Both tZ and tZR occurred at greater concentrations compared with iPR . DZR ≫ cisZR . DZ . iP, with tZR accumulating at an earlier stage of ripening in green compared with gold fruit. This pattern is mirrored by DZR, albeit at a lower level (Supplementary Data Table S1 ). The concentration of tZ was high and increased during ripening in both green and gold kiwifruit.
The most notable difference is in the conjugation of cytokinins, with both tZROG and DZROG concentrations increasing in green fruit to very high levels during ripening (Fig. 2) . In contrast, gold fruit contained very little tZROG or DZROG. tZOG also followed this trend, but at concentrations 10-fold lower than DZROG and tZROG (Supplementary Data Table S1 ). Small amounts of DZOG accumulated in both species and, interestingly, tZ9G increased late in ripening but in gold fruit only (Supplementary Data Table S1 ).
Expression of cytokinin metabolic pathway genes in green and gold kiwifruit
An IPT phylogenetic tree, constructed to select an IPT gene candidate for the RT-qPCR analysis, showed that published kiwifruit ESTs (Crowhurst et al., 2008) 46, 95, 132, 166, 196 and 237 days after full bloom (DAFB) (left to right) and the photographs of gold fruit were taken at 37, 83, 132, 169, 203 and 233 DAFB (left to right) . In 2010, the photographs of green fruit were taken at 49, 94, 136, 172, 203 and 238 DAFB (left to right) and the photographs of gold fruit were taken at 48, 92, 137, 179, 215 and 246 DAFB (left to right) F   46  95  132  166  196  237  37  83  132  169  203  233  49  94  136  172  203  233  48  92  137  179  215 S2 ). One IPT family member was selected from each of Clades I and II, as Clade III, containing AtIPT2 and AtIPT9, is likely to be involved in cisZ biosynthesis (Miyawaki et al., 2006) . The expression profile for IPT from Clade I showed an increase towards ripening in green fruit, but this was not seen in gold fruit, where expression remained low (Fig. 3) . In 2010, the expression of IPT had a higher target/reference ratio when compared with the 2009 data but had a similar trend, where the expression increased during ripening in green fruit (Fig. 3) . The second IPT family member was selected from Clade II, and showed a similar expression pattern in fruit harvested in 2009 (Supplementary Data Fig. S3 ). Like IPT expression, ZOG showed higher expression in green fruit, increasing during ripening, with the strongest expression in 2010 (Fig. 3) . In contrast, BGLU expression was detected in fruit of both species at the beginning of development in 2009, and showed increased expression during ripening in green fruit but only in 2009 (Fig. 3) . Apart from one strong peak early in development in green fruit, CKX had a relatively similar expression profile in fruit of both species, with expression at similar levels throughout ripening, but elevated during the 2010 season (Fig. 3) .
Selection of candidate kiwifruit RR genes
A phylogenetic tree of kiwifruit and Arabidopsis RRs was generated (Fig. 4) . Nine putative RR proteins, translated from the Plant & Food Research EST database, showed high sequence homology to the 22 Arabidopsis RRs. Kiwifruit RRB2, 11, 12 and 120 clustered in the Type-A Arabidopsis clade, and kiwifruit RRA6, 9 and 17 clustered in the Type-B Arabidopsis clade. Kiwifruit RRA4 and RRB13 clustered in the Type-A clade, but are not closely related.
Expression of RR transcription factor genes in kiwifruit
The expression of RR genes was measured by RT -qPCR in green and gold fruit in 2010 (Fig. 5) . The majority of the RR genes had similar expression in green and gold fruit in 2010. RRA6 and RRA9 showed greater expression in green fruit at the beginning of development, but the expression was similar in green and gold fruit during ripening. RRA17 expression was noticeably greater in green fruit, especially in those fruit that were de-greening late in ripening ( Fig. 5; Supplementary Data  Fig. S1 ). The expression of RRB2, RRB11 and RRB120 was very similar in both species of kiwifruit. RRB120 and RRB13 showed similar patterns during development, but both had increased expression in de-greening green fruit.
Dual luciferase transient assay screen for interacting transcription factors
Analysis of the SGR2 promoter revealed several motifs that predicted interaction with a number of MYB-related elements and a number of transcription factors involved with light regulation (data not shown). The interaction of the SGR2 promoter with kiwifruit RR genes was investigated to elucidate possible relationships between the promoters and transcription factors (Fig. 6) . The one-way ANOVA showed that there were significant differences between the group means. The Tukey post-hoc test showed that there was a significant difference between the means of pHEX2 and RRB120 (P , 0 . 05) and RRA17 (P , 0 . 01), indicating an activation of the SGR2 promoter by RRB120 and particularly by RRA17 compared with the pHEX control.
DISCUSSION
Measuring cytokinin in plant tissues is challenging due to their relatively low levels and multiple forms among the bulk of other substances in plant extracts (Dobrev and Kamínek, 2002; Novák et al., 2008) . Kiwifruit cytokinins were measured using triple quadrupole LC-MS/MS analysis. This revealed surprising trends in green and gold fruit in terms of both the differential nature and the quantity of cytokinins during development. Confirming and extending observations of high cytokinin content in green fruit at harvest ripeness by Lewis et al. (1996) , the cytokinin concentrations were shown to increase throughout ripening in both species and to be high in fully ripe fruit, rather than limited to peak activity during the phase of cell division. Interestingly, while the expression of IPT (which codes for the rate-limiting enzyme in the cytokinin biosynthetic pathway) showed an increase during ripening in green fruit, which was not seen in gold fruit ( Fig. 3; Supplementary Data Fig. S3 ), both species had high levels of nucleotides, free bases and ribosides (Fig. 2) . The most striking difference between species occurred with the O-glucosides -putative storage forms of cytokinins: both tZROG and DZROG concentrations increased during development in green fruit to very high levels, whereas the gold fruit contained very little tZROG or DZROG (Fig. 2) .
Cytokinin activity is regulated by de novo synthesis, activation, conjugation and degradation (Kudo et al., 2010) . A key enzyme in maintaining cytokinin homeostasis is CKX. While IPT expression is mirrored by CKX expression in a number of species during development, such as N. tabacum, Brassica rapa and wheat (Motyka et al., 2003; O'Keefe et al., 2011; Song et al., 2012) , this did not occur in green fruit (Fig. 3) , suggesting that there could be a breakdown in homeostatic regulation, although the higher CKX expression in 2010 in green fruit may have been reflected in the level of de-greening that did occur. Conversely, CKX may not be a key factor in moderating the cytokinin levels in ripening fruit.
Another key mechanism involved with cytokinin homeostasis is O-glucosylation. O-Glucosylation converts active cytokinin to inactive storage forms, resistant to CKX, but able to be reactivated by b-glucosidases (Jameson, 1994) . ZOG showed substantially higher expression in green fruit compared with gold and, moreover, this difference in expression increased during ripening. This indicates that the homeostatic mechanism of O-glucosylation is operational in green kiwifruit but considerably less so in gold, as seen in the endogenous profile. This suggests that there is a greater perceived amount of cytokinin in green kiwifruit that has activated the conjugation mechanism. It is possible that the greater quantity of tZR in green fruit as they ripen could have activated this mechanism.
Seasonal differences were apparent both in the late de-greening of green fruit in 2010 and with a lesser accumulation of iPNT, tZ and tZR in 2010 compared with 2009. Moreover, expression of ZOG was higher in 2010 ( potentially deactivating active forms via conjugation), while in 2009 the continued expression of a gene coding for b-glucosidase in green fruit could be counteracting that of ZOG, thereby maintaining a higher level of active cytokinin throughout ripening.
The kiwifruit SGR2 was shown to be more highly expressed in gold fruit, had an identical protein sequence in both green and gold fruit, and was able to induce chlorophyll degradation upon transient infiltration in N. benthamiana, suggesting that SGR2 is differentially regulated in ripening kiwifruit (Pilkington et al., 2012) . Cytokinins have been shown to stimulate chloroplast transcription in detached barley leaves (Zubo et al., 2008) . However, the effect of cytokinin levels on the transcription of chlorophyll degradation genes, which are nuclear encoded, has not been elucidated. The transcriptional control of chlorophyll de-greening was investigated using transient assays of selected RRs and the kiwifruit SGR2 promoter.
The dual luciferase system has been shown to provide a rapid method of transient gene expression analysis (Hellens et al., 2005) . Trans-activation of the luciferase gene was measured as the ratio of LUC to 35S:Renilla after transient transformation in N. benthamiana. A transcription factor introduced into the plant cell by one Agrobacterium population can bind recognition sites in a target promoter introduced into the same plant cell from another Agrobacterium population, which promotes the expression of LUC, relative to 35S:Renilla.
RRA17 showed the strongest activation of the SGR2 promoter, suggesting a possible role in regulation of chlorophyll levels. Both RRA17 (Fig. 5) and SGR2 (Pilkington et al., 2012) were expressed in the fully ripe green fruit that were de-greening but, as expression of RRA17 was barely detectable in gold fruit as they yellowed, it is unlikely that RRA17 plays a role in the regulation of de-greening in gold kiwifruit.
RRB120 was also able to activate the SGR2 promoter. This gene showed a similar expression pattern in both fruit but, as with RRA17, showed the highest expression in green fruit that were de-greening. As RRB120 was expressed similarly in green and gold fruit throughout development, it is again unlikely that RRB120 regulates de-greening in gold kiwifruit. Luminescence measurements are expressed as a ratio of luciferase to renilla (LUC/REN ratio) for the SGR promoter and selected transcription factors. Bars are one standard error above and below the mean (n ¼ 4); *P ,0 . 05; **P , 0 . 01.
The elevated cytokinin levels in the fruit of both species would be expected to delay yellowing, as cytokinin has been postulated to protect cell membranes and the photosynthetic machinery from oxidative damage during senescence (Zavaleta-Mancera et al., 2007) . It is possible, despite its high cytokinin levels, if indeed the gold fruit do perceive the cytokinin, that other ripening signals (e.g. sugar, ethylene or removal of auxin) over-ride the effect of the cytokinin in gold but not green fruit. In this case, if gold fruit no longer have functional chloroplasts, cytokinin would be unable to stimulate chloroplast gene expression.
CONCLUSIONS
The cytokinin biosynthetic and metabolic enzymes, receptors and RRs are all encoded by multigene families. Primers used in the expression studies were designed for the single best kiwifruit gene family member candidate based on high transcript levels, tissue source and putative function based on Arabidopsis BLAST matches. Further analysis, now more possible with highthroughput genome sequencing, might reveal other cytokinin gene family members with differential expression during ripening of these kiwifruit species. Both green and gold kiwifruit have increasing levels of cytokinin during ripening, although where the cytokinin derives from in the gold fruit remains a mystery. Whatever the case, there were obvious differences in the metabolism of the cytokinins in ripening fruit from the two species, and differences between the two seasons. These differences are consistent with expression of cytokinin metabolic genes. The tight link between ZOG expression and O-glucosylation in green fruit strongly suggests that these fruit are perceiving the cytokinin whereas the gold fruit are not, and that this in some way leads to the maintenance of chlorophyll in green fruit and its loss in gold. Future work will include the identification of gene variants in kiwifruit populations segregating for gold and green flesh colour.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Figure S1 : supplementary information on the colour, soluble sugars, weight and firmness of green and gold fruit during development in 2009 and 2010. Figure S2 : phylogenetic analysis of IPT genes in Actinidia and Arabidopsis. Figure S3 : expression pattern of IPT3. Table S1 : information on the concentration of minor cytokinin metabolites.
